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{g) Barium fluoride gave a residue with a ratio BaF, : SeF 4 1-40 : 1. suggesting that a com- 
pound is formed which is not very stable. so i ve nt) and gave a white preci- 
P (h) Silver fluoride dissolved on naming ^JtL^n^ iSIS it be|an to decompose : 
pitate on cooling the solution. As the solvent ^™^JfJ^* "aW 1 hour at 100« 
an examination at an intermediate stage •^^^SKgF^. waf as low as 1 : 0-26. 
in a vacuum the material was visibly decomposed and the ratio Ag* . aer 4 

^SiSSSSS^^S^ reSnS ^ a trace of tetrafluoride after excess 
^£S£S£*«. Seleniumtetr^ 

phosphorus as does the oxyfluonde It ^^ m a ^SS^Sa0m of cLbon tab*. 

cSS^^^ 

o^i^^^ Thesereactions 

are in the course of quantitative investigation. 

The authors thank Imperial Chemical IndusWes Limited I General Chemicals Division, 
Runcorn ! for the use of the fluorine cell necessary to this investigation. 

^^Tng^^Colleg^^Newcastle-on-Tyne, 1. V v [Received. November llrt. 1951.] 

223 Studies on Phosphorylation. Part X* The Preparation , of Tetra- 
JeTof Pyrophosphate Acid from Diesters- of Phosphmc And by 
Means of Exchange Reactions. 

By N. S. Corby, G. W. Kenner, and A. R. Todd. 

The mechanism of the reaction between tetraphenyl VT*°&^*£fi 
dibenzvl hydrogen phosphate in presence of bases (Mason and Todd, /., 1951, 
\ 67) hi Tbee/eluddated and the reaction has been extended to t^prepar- 
I+ion of other symmetrical and unsymmetneal pyrophosphates. The scope 
• o Zs exchange^eaction has also been extended to include the preparation 
3 p^ophosphates by treating salts of diesters of phosphoric acid with 
arylsulpnonvl halides and with trifluoroacetic anhydride. 

r le °W SS&^SS^tTM^& groups of pho.phonc 

have been syntnesisea uuuug« /u jjju/aTuiTn^ T 1947 648 • Baddiley, Michel- 

by reaction of a chlorophosphonate with the salt of a phosphate . 

ROx 9 fi/OR* R<\ff l/ OR ' 

R0 / ^OR' rck x>R' - 

* Part IX, 1951,2271. ^ 
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loc. cit.). Toy (J. Amer. Chem. Soc, 1950^. 2065} has (WWfc~i *uL » • . 

simple unsvmmetrical tetraesters bv ^the^aloVo,,?^- ? C - P^P 31 ** 1 ™ °* some 
phosphonates in ethereal sdutbn Now wteS SSZ? P^ium salts and chloro- 
phosjhate and their salts are now Jffid, adfln ^ ^ 
phosphonates are difficultly accessible for JjZZZty oScuSd T2?VtB 
senes (Mason and Todd, /.. 1951 2267} -Remtu, k« "^"f^ , m VIII of. this 
them, and will report umn th em later but Vh P nrlLT T md ^ d ^ able to P"* 8 " 
of alternative routes * ^^oSphaSs ^d^iERiT M to 

In Part VIII (loc. i.) the direct ^conversion c f ^ 
their anhydrides by reaction with fl^S^teSd 1?^°™ ^ ° 

these reagents, proved quite unsatisfactor? fbr^^fa^SSlSMS- ^fcTE?*- 
observation was, however made (loc cit \ that w™kL i nuc ^ eotl , de field. . yThe.stnkmg 
in high yield from dibenzyThy^gef p^ 

phenyl pyrophosphate at room temperature in" lXSSS^£i£^ ^ ^ 
tertiary base. These conditions ar "well-nigh ideal tor woff Zi£ ^ £ PreSe ^ pf a 
therefore important to examine more closely the nature JE?LS ^ ^ ' ldeS ^ £ ^ 
of particular interest to study the possibilfty of " 
stage so as to obtain an unsymmetrical pyroXsphate ^ * ^ mtermediate 

pyrophosphate was the P functbn ^O^^^^S^ tetra P he »y] 
triethylamine added was varied in a serieTfrfSLK?" /"PF^y the proportion of 
pyrophosphate and two of atnzyl h^^JEKS Ki? J****"* 1 - 
tetrabenzyl pyrophosphate was isolated from r L P +- P • ! acetomtnle^solution.^, No . 
of triethylam P me^ which one mol, br less 

of base were used, but this f^^S^S^&S!^^^^^ 
of base was increased to four mols The oh^««™ i ■ g . y 54/0 when *** amount 
to form a salt of dibenzy^drogen ^S^^hT^^^^^^^ 
dibenzyl phosphate were foun U*Zy\ d& JZZ^SfF * ^ 

ethylamine. These findings are in accord SS th* [1 ,1 • the £ ee mth ^ of 
displace, alre ady Wvff^&^^JJ^ 

PhC>/ \ 0 Ph ' \ 0 .rw t»k ' ' ^^^^''i^-'^V:.- -5- 

I N O.CH s Ph vc , .> ^^^^^ 

pm\9 Pha 9 9 o-cHPh ' •• 1*? fe^M^.«^4v..' 

f^tm^reacti"^^^ tW ?' mols - ° f dibenzv^^o^ ) 
of triethylamine SSbSStaS tolh^teSSe 

as we lastriethylammoniumdiphenyl So pha^ and^^ diphenyl pyrophosphate • 

isolation of this Asymmetrical nZCf dibenzyl hydrogen phosphate:. .The . 
obviously be dffiSHS ttaE S f f * fr0m ^ reaction-'mixture-would ' 
to facu/ate iSK^^ P re P arati °n was ayestigated in order r 

action Sr^loS^^^sphates may ^^^^V^ 
H- T. Howard (ThesJ « 1^^^^^^^ [ 
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from diphenyl chlorophosphonate and silver dibenzyl phosphate m acetonitrile solution. 
However the alternative procedure of Toy {foe. cit.) using pyndinium salts in benzene 
solution appeared cleaner and in fact was known to be preferable to the silver salt method 
(Mason and Todd, loc. cit.) for the preparation of tetraphenyl pyrophosphate (see Experi- 
mental section). When benzene solutions of pyndinium dibenzyl phosphate and diphenyl 
chlorophosphonate were mixed, precipitation of pyridine hydrochloride soon started. 
After three hours this was removed by filtration and the filtrate evaporated at a low 
temperature. An opalescent gum remained, which was insoluble in water but slowly 
hydrolysed during six hours in contact with water maintained at pH 8 by addition of 
dilute ammonia, producing only a little tetrabenzyl pyrophosphate Addition of cyclo- 
hexylamine to a benzene solution of the gum precipitated cyc/ohexylammomum diphenyl 
phosphate ; evaporation of the solution gave dibenzyl cyctohexylammophosphonate in an 
amount corresponding to 90% of the dibenzyl hydrogen phosphate used^ f P^paration. 
Clearly the mode of preparation and properties of this gum leave no doubt that it is almost 
entirely the desired mixed anhydride, dibenzyl diphenyl pyrophosphate. Its final purific- 
ation by molecular distillation could not be achieved owing to the pyrolytic decomposition 
characteristic of benzyl esters of phosphorus oxy-acids. On the other hand, di-£-methoxy- 
phenyl diphenyl pyrophosphate, prepared analogously from diphenyl ^orophosphonate 
and pyndinium di-^-methoxyphenyl phosphate, could be successful^ drilled. During 
the distillation, however, it evidently dispfoportionated into tetraphenyl pyrophosphate 
and tetra-*-methoxyphenyl pyrophosphate, for on treatment with aniline it gave mixtures o 
of anilinium salts and mixtures of anilinophosphonates. In contrast, the oil before distil- ^ 
lation yielded only di-*-methoxyphenyl aminophosphonate on dissolution in liquid ammonia. 
The unsymmetrical tetraesters of pyrophosphoric acid should therefore be regarded as very * . 
susceptible to disproportionate and Toy's claims (loc. cit.) that they can be distilled should £ 
be regarded with reserve in the absence of further experimental data. 

The preparation and knowledge of the properties of dibenzyl diphenyl pyrophosphate | 
enabled us to get further insight into the reaction between dibenzyl hydrogen phosphate and j. 
tetraphenyl pyrophosphate. The reaction between two mols. of the former, one of the \ f 
latter and one of triethylamine led to an oil moderately stable to water. -Addition of - 
cycZohexylamine to a benzene solution of the product of reaction between equimolar amounts 
of the three reagents in acetonitrile caused precipitation of 80% of the diphenyl phosphoric 
residues as cvcZohexylammonium diphenyl phosphate. From the liquors dibenzyl cyc/o- 
hexvlaminophosphonate was obtained in amount corresponding to 72% of the dibenzyl 
hydrogen phosphate used. A similar reaction in dimethylformamide.jyith ^cZohexylamine 
substituted for triethylamine, gave an 81% yield of dibenzyl cjctohexylammophosphonate. 
Moreover tetrabenzyl pyrophosphate was produced on addition of equimolar amounts ot 
triethylamine and dibenzyl hydrogen phosphate to the unsymmetrical pyrophosphate pre- 
pared by Toy's method. In our view the mechanism written above for the reaction in 
which the anhydride condition is exchanged between diesters of phosphonc acid is fully 
substantiated. It remains to consider the factors controlling the direction of this 
" exchange reaction." - ,' : 

One characteristic of the " exchange reaction " is clear from the preceding account of 
a single case. Through it an anhydride of a diester of phosphoric acid (t.e., a tetraester 
of pwophosphoric acid) is converted into a less reactive anhydnde. Thus tetraphenyl 
pyrophosphate must be stored in sealed containers to prevent its hydrolysis by atmosphenc 
moisture, whereas tetrabenzyl pyrophosphate may be prepared by the reaction between 
dibenzyl phosphite, carbon tetrachloride, and aqueous alkali (Atherton and 1 odd, J., 1U47, 
674) and it was isolated throughout the work described in this paper by solidification under f 
aqueous ammonia at pH 8. The intermediate dibenzyl diphenyl pyrophosphate is corre- 
spondingly intermediate in its resistance to hydrolysis. A second point also emerges from ^ 
the results presented above. The diphenyl phosphate anion must be considerably more ,* 
stable in acetonitrile solution than the dibenzyl phosphate anion, otherwise the equilibnum | 
between the two anions would permit the '* exchange reaction " to proceed in presence £ 
of only catalytic quantities of base. In other words, diphenyl hydrogen phosphate must 
be a stronger acid than dibenzyl hydrogen phosphate and in consequence the anhydndes 
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" derived from them have corresponding relative reactivities. To-test the validity of these 
conclusions we determined by electrometric titration the pK r s of diphenyl and dibenzyl 
hydrogen phosphates in 50% aqueous ethanol. The values so obtained (1-84 aild 1*87 
respectively) differ by scarcely more than the experimental error. In non-aqueous solvents 
the acids would be expected to be much weaker and the differences to be more pronounced. 
The exact determination of acid dissociation constants in non-aqueous media is difficult, 
but in closely related series of compounds the strengths of acids are closely related to the 
conductivities of their solutions (cf. Verhoek, J. Amer. Chetn. Soc, 1936, 58, 2577). Accord- . 
ingly we measured the electrical resistance of decimolar solutions of diphenyl and dibenzyl 
hydrogen phosphate in acetonitrile and dimethylformamide. The resistance of the cell 
was lowered from 265 000 ohms with pure acetonitrile to 30 000 ohms by the first compound 
and to 87 000 ohms by the second, and from 309 000 ohms with pure dimethylformamide 
to 4400 and 22 200 ohms respectively. In these solvents {Le. t those in which the ".exchange 
reaction " is normally carried out), therefore, diphenyl hydrogen phosphate is a consider- 
ably stronger acid than dibenzyl hydrogen phosphate : its anion is, therefore,' corre- 
spondingly more stable and its anhydride less stable. Further,! decimolar solutions of 
&\-p- and di-o-methoxyphenyl hydrogen phosphates in dimethylformamide had resistances 
of 5800 and 12 700 ohms respectively : their triethylammonium salts " exchanged "'with 
tetraphenyl but not with tetrabenzyl pyrophosphate. Di-^-nitrophenyl hydrogen 
phosphate, on the other hand, gave a resistance, in dimethylformamide under the same 
conditions of 700 ohms and had a pK of 1-72 in 50% aqueous ethanol. i No evidence of its 
triethylammonium salt "exchanging" with tetraphenyl pyrophosphate could be' found. 
The anhydride derived from this acid should be a powerful reagent and, partly with the ' 
intention of completing the series of examples of the " exchange reaction," we attempted to 
prepare it. Di-^-nitrophenyl hydrogen phosphate dissolved slowly in a boiling chloroform, 
solution of thionyl chloride and evaporation of the solvent left a yellow solid. V Although 
this gave, with cyc/ohexylamine, cyc/ohexylammonium di-p-nitrophenyl phosphate and 
di-^-nitrophenyl cy c/ohexylaminophosphonate, it was not tetra-^-nitrophenyl . pyro- 
phosphate. It contained sulphur, liberated sulphur dioxide on hydrolysis, and underwent 
no " exchange reaction " with triethylammonium diphenyl phosphate : ...it is presumably 
analogous in structure to the compound produced from dibenzyl hydrogen" phosphate and 
oxalyl chloride (Mason and Todd, loc. ciL). Nor could the pyrophosphate be prepared 
from the reaction mixture of ^-nitrophenol, phosphoryl chloride, and, pyridine; although ; 
this did give di-£-nitrophenyl cyctohexylaminophosphonate with cycZohexylamine and di-£- 
nitrophenyl hydrogen phosphate on alkaline hydrolysis. ^ fejfttf 'o^oii^^a. ■ 

The elucidation of the nature of this ' ' exchange reaction ' ' between diesters of phosphoric * 
acid and tetraesters of pyrophosphoric acid enabled us to reinterpret the results of some 
earlier work. This had been directed towards the preparation of mixed anhydrides of 
toluene-^-sulphonic acid and phosphoric acids, such as dibenzyl -toluene-^sulphonyl 
phosphate. Preliminary studies with silver salts in heterogeneous media were unsatis- 
factory and we turned to the reaction between lithium dibenzyl and diphenyl phosphates 
and toluene-^-sulphonyl chloride in dimethylformamide solution. >It was * possible to 
follow the progress of reaction very conveniently by the decrease in electrical resistance of 
the solution with time as lithium chloride was eliminated. In some -twenty minutes* the 
resistance had reached a constant value but this was never as low as would be # expected for 
complete reaction. Moreover, after addition of ammonia to the reaction mixture; the 
appropriate aminophosphonate, phosphoric acid, and toluene-^-suiphonamide were all 
isolated. Initially we had thought that this mixture of products had arisen 'from cleavage 
of the mixed anhydride in two directions. The same products would, however,'arjse if the 
mixed anhydride reacted rapidly with more lithium salt to give a pyrophosphate^and thus V 
half the toluene-^-sulphonyl chloride remained unchanged. This explanation I accords 
better with the magnitude of the drop in electrical resistance of the solution.^/Smce^the 
arysulphonic acids are much stronger acids than the diesters of phosphoric acid, the inter- 
mediate anhydride would be expected to be much more susceptible to " exchange reactions." 

In confirmation of these views tetrabenzyl pyrophosphate could be isolated after reaction ' 
between triethylammonium dibenzyl phosphate and toluene-^-sulphonyl chloride in aceto- 
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nfll. The more reactive ^-nitrobenzenesulph^^l chloride was found to be a preferable 3 
reagent however, and gave an 80% yield of tetrabenzyl pyrophosphate. This reagent was y 
also evidently able to form the anhydrides of di-o-methoxyphenyl hydrogen phosphate and ) 
even di-^-nitrophenyl hydrogen phosphate, for the corresponding cyc/ohexylamino- % 
phosphonates were obtained after treatment of the reaction products with cyc/ohexylamine. >|* 

ROn 9 RO n J ro^J v: 

;P— O- + Cl-S0 8 -Ar — y • ;P-0-S0 1 -Ar — > )p--0-P( ■ : y 

RCK . RCK RCK \OR ; H 

-f CI" +-0-SO s Ar -HI 

The expansion of the scope of the " exchange " type of reaction to include the formation $ 
of anhydrides of diesters of phosphoric acid by means of arylsulphonyl chlorides promoted r 
the search for alternative reagents. Trifluofoacetic anhydride appeared to be attractive. ^ 
It has been used in the esterification of carboxylic acids, and mixed anhydrides have been |1 
postulated as intermediates in the reaction (Bourne, Stacey, Tatlow, and Tedder, 
1949, 2976). It was indeed found to be an effective reagent for the preparation of tetra- '~ 
benzyl and tetraphenyl pyrophosphates, although, unlike ^-nitrobenzenesulphonyl chloride, 
it did not react with triethylammonium di-^-nitrophenyl phosphate. The milder character 
of trifluoroacetic anhydride was shown in another way. Whereas the intermediate dibenzyl 
/>-nitrobenzenesulphonyl phosphate could not v be detected. in the reaction mixtures of 
dibenzyl pyridinium phosphate and the sulphonyl chloride, the corresponding process with 
trifluoroacetic anhydride appeared to lead to dibenzyl trifluoroacetyl phosphate ; for on 
addition of cycZohexylamine no cycZohexylaminophosphonate could be obtained, and if this 
same type of reaction was carried out in presence of one mol. of diphenyl phosphate anion 51 
addition of cycfohexylamine gave an 80% yield of cyc/ohexylaminophosphonate, i.e., || 
dibenzyl diphenyl pyrophosphate had presumably been formed from the intermediate " 
dibenzyl trifluoroacetyl phosphate. Rather surprisingly the dimethylformamide-sulphur 
trioxide complex (cf. Kenner, Chem. and Ind., 1951, 14) proved quite inert in reaction with 
lithium diphenyl and dibenzyl phosphates in dimethylformamide. 

* If the monobenzyl esters of mononucleotides are comparable in acid strength to dibenzyl .§ 
hydrogen phosphate, this work with simple model substances has reached the original aim j 
of the investigation, the discovery of a possible route to the dibenzyl esters of the dinucleotide , Jg 
coenzymes avoiding intermediate chlorophosphonates. Symmetrical tetraesters of pyro- ^ 
phosphoric acid can be prepared in high yield from diesters of phosphoric acid by means of *' 
^-nitrobenzenesulphonyl chloride. The use of the milder reagents, trifluoroacetic anhydride , 
and tetraphenyl pyrophosphate, affords in addition the possibility of preparing unsym- * 
metrical tetraesters. It has not been possible to isolate such unsymmetrical tetraesters in 
these model experiments since all the pyrophosphates studied have rather similar properties 
and the reactions cannot be expected to be free of by-products. It may be easier to demon- 
strate the formation of unsymmetrical tetraesters in the more complex nucleotide field. 
In considering the application of these results to nucleotide synthesis one practical point | 
must be borne in mind. In our experience dimethylformamide, the preferred solvent for 
the nucleotides of high molecular weight, is by no means so satisfactory a solvent as acetcK 
nitrile. Pyrophosphates and similar compounds seem to react in some way with 
dimethylformamide and yields are consequently reduced. 

Experimental '$ 

Tetraphenyl Pyrophosphate. — To a solution of diphenyl hydrogen phosphate (2*07 g.) in dry $ 
benzene (40 c.c.) diphenyl chlorophosphonate (1*72 c.c.) was added, followed by pyridine (0-67 
c.c). The reaction mixture was stirred magnetically at room temperature during 6 hours, ;p 
moisture being rigidly excluded. Precipitated pyridine hydrochloride (0-87 g., 91%) was % 
removed by rapid filtration through sintered glass, and benzene was removed from the filtrate ' 
by " freeze drying. " The residual yellowish oil was distilled in a short-path still at 3 X 10~* mm. 
Tetraphenyl pyrophosphate distilled at 150 — 155° as a colourless viscous oil (3*58 g., 90%), 
w^J 1-5610 (Found : C, 59-7; H, 4-3. Calc. for C 24 H 20 O,P a : C, 59-8; H, 4-2%). N J 
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* . Dibenzyl Diphenyl Pyrophosphate.— Dibenzyl hydrogen phosphate (0-287 g., 1 mol.) was 
dissolved in dry benzene (10 c.c.) and pyridine (0 08 c.c., 1 mol.) was added. , This solution was 
slowly added to a stirred solution of diphenyl chlorophosphonate (0*22 c.c, 1 mol.) in dry benzene 
(5 ex.). Pyridine hydrochloride began to separate after a few minutes and after 3 hours' 
stirring at room temperature the mixture was filtered and solvent removed by " freeze drying." 
The crude dibenzyl diphenyl pyrophosphate so obtained was a slightly opalescent viscous resin ; 
on attempted distillation it decomposed and polymerised at ca. 165°. That .this material con- ' 
sisted essentially of the mixed pyrophosphate was shown by the following experiments. Excess 
of cyc/ohexylamine was added to a solution of the material in benzene. A crystalline precipitate 
rapidly formed and after 3 hours the mixture was filtered. The residue, which was water-soluble, 
appeared to be cyc/ohexylammonium diphenyl phosphate. The filtrate was washed with dilute " 
hydrochloric acid and water, dried (Na a S0 4 ), and evaporated. Recrystallised from hexane the 
residue gave dibenzyl cyc/ohexylaminophosphonate, m. p. 78 — 80° undepressed on admixture 
with an authentic specimen ; the yield was 90% calculated on the assumption that the starting 
material was dibenzyl diphenyl pyrophosphate. ... - > t , , .■f.i-iV :T!'r t , 

That the crude mixed pyrophosphate contained only a small amount of terxabenzyl pyro- 
phosphate was shown by keeping it in contact with aqueous ammonia at pH 8 for 6 hours (the : • 
pH being maintained by addition of more ammonia at intervals) . Of the possible pyrophosphates 
present only tetrabenzyl pyrophosphate is stable under these conditions. < The residue from/ ' 
0-85 g. of material treated in this way was only 015 g. of impure tetrabenzyl pjrophosphate 
(m. p. 51—58°). r . ^ ; ; ) ; / / ^ ^fyV'"' 

Di'-p-methoxyphenyl Hydrogen Phosphate.— Pyridine (7-3 c.c.) was added slowly to a" stirred 
solution of ^-methoxyphenol (7-5 g.) and freshly distilled phosphoryl chloride (2-8 c.c) in dry 
benzene (40 c.c.) ; heat was evolved and pyridine hydrochloride began to separate almost at 
once. The mixture was stirred at room temperature for 10 hours, then filtered, and the filtrate 
was evaporated. The yellow oily residue was dissolved in chloroform (40 c.c.) and extracted 
with 5% aqueous sodium hydroxide (5 x 20 c.c.) . The alkaline layer was separated and acidified 
and the precipitated acid was extracted with chloroform (6 x 20 c.c). The chloroform extracts : - 
were combined, dried (Na 2 S0 4 ), and evaporated. The light brown residue' was recrystallised 
from chloroform-light petroleum, yielding colourless needles of di-y-tnethoxyphenyl hydrogen 
phosphate, m. p. 92—94° (3*8 g„ 41%) (Found : C, 54-0; H, 4-8. C 14 H 1B O.P requires C, 54-2; ■ 
H, 4-85%). 14 . \>V^V ' , . 

Di-p-methoxyphenyl Diphenyl Pyrophosphate.— Di-^-methoxyphenyl hydrogen" phosphate 
(2-21 g., 1 mol.) was dissolved in dry benzene (50 c.c), and diphenyl chlorophosphonate (1-48 ex., v 
1 mol.) was added, followed by pyridine (0-58 c.c, 1 mol.). The mixture was stirred forls hours p- 
at room temperature in absence of moisture, pyridine hydrochloride (91% of theory) filtered off, ' 
and the solvent removed by "freeze drying." Crude di-£-methoxyphenyl diphenyl' Vyro- 
phosphate remained as a viscous oil (4-24 g.). • ;■ * ^-^"V ■'; -\ 

A portion (2-2 g.) of the product was treated with liquid ammonia/ ^r^po^rf b^ame 'V 
yellow and solidified. Excess of ammonia was allowed to evaporate and the residue was washed 
with water, giving a solid water-insoluble residue (0*84 g.). Recrystallisation from^cMoroiorm" rJ 
gave di-£-methoxyphenyl aminophosphonate, m. p. 181—183° undepressed by an authentic' 1 1 
specimen (see below) (69%, calculated on mixed pyrophosphate). „ , <^4> ^^^1 

Distillation of the crude pyrophosphate in a short-path still began at 150°/1(H mm. and 
the main bulk of product distilled at 150—165° as a colourless oil. When treated with aniline/: \ 
this gave a mixture of anilinophosphonates (m. p. 95—115°), together with a mixture of aniiinium v * 
diphenyl and di-/>-methoxyphenyl phosphates. Quantitative separation of the components << ] 
was difficult but they appeared to be present in approximately equal proportions! V Evidently 'H'> 
extensive dismutation to tetraphenyl and tetra-^-methoxyphenyl pyrophosphates had occurred 
on distillation. , ; '^v^w-V-. -L" 

Di-o-methoxyphenyl Hydrogen Phosphate.— Prepared as described^ by ^Aug^ 
{tompt.rend., 1908, 146, 1152), the acid had m. p. 95—96° (Found : C, 53*9 ;'/H, 5-bV fCalc ioi \% 
W4W 15 0 6 P : C, 54-2 ; H, 4-85%). Its cyclohexylamine salt crystaUised frWethanol in colour- "'V'* 

161_162 ° (F ° Und : °' 68 ' 8: H ' 6 ' 7; N ' 3 ' 4 ' C ^»°« ? ?^^^ 

h] Di '/'f tr °P hen y l Hydrogen Phosphate.— ^-Nitrophenol (12-9 'g., : 2 mols!f and 
U2n \ °' C " 1 mo1 ** were dissolved in a mixture of acetonitrile (15 cc); and "iky benzene ""!■/ 
tio h'° p yri dine c.c, 3 mols.) was then added gradually to the cooled and stirred solu-* V 
Drp n - . nng 20 minu tes. Stirring was continued at room temperature for 5 hours, then the white * V 
P ecipitate was filtered off, the filtrate evaporated, and the residue dissolved in chlbfofonn:' : ' 

- '/ * .. -i-". > ■ ■ ; *v- ~ tC? "V ' ^ 
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AquWus sodium hydroxide (40 c.c. of 5%) was addS^he mixture shaken vigorously, and the 3 
yellow precipitate of sodium di-p-nitrophenyl phosphate was collected. The crude salt was^ 
dissolved in warm water (ca. 100 c.c.) and filtered from a small amount of tri-^-nitrophenyl '4 
phosphate (14%; m. p. 157 — 159° after recrystallisation from acetic acid). The nitrate was j 
made acid to Congo-red, and the pale yellow precipitate of di-£-nitrophenyl hydrogen phosphate j| 
was recrystallised from ethyl acetate (yield, 7-8 g., 50% ; m. p. 176—178°) (Hoeflake, Rec'tl 
Trav. chim. t 1916, 36, 58, gives m. p. 175°). vf 
Di-p-nitrophenyl cycloii exylaminophosphonate. — In the above preparation of di-£-nitro-'.2j 
phenyl hydrogen phosphate there was some evidence that a considerable amount of the corre- ¥j 
sponding chlorophosphonate was produced. To confirm this, a separate experiment was carried q 
out starting with 3-7 g. of £-nitrophenol in which the chloroform solution of the reaction product \' 
was treated with cyc/ohexylamine (4-9 c.c), the mixture being externally cooled. After 1 hour + | 
the mixture was washed thoroughly with hydrochloric acid, water, and aqueous sodium | 
hydrogen carbonate, dried (Na 2 S0 4 ), and evaporated. RecrystaUisation of the yellow residue^ 
(3-1 g.) first from chloroform-light petroleum and then from benzene gave di-p-nitrophenyl ? 
cyclohexylaminophosphonate as yellow needles, m. p. 174 — 176° (Found : C, 51-2; H, 4-9; N/1 
10-2. C ia H 20 O 4 N 3 P requires C, 51*3; H, 4-75; N, 10-0%). 

Action of Thionyl Chloride on Di-p-nitrophenyl Hydrogen Phosphate. — Thionyl chloride 
(5 c.c.) was added to a suspension of di-^-nitrophenyl hydrogen phosphate (0-758 g., driecl oyer j 
phosphoric oxide at 0-1 mm.) in chloroform (25 c.c), and the mixture was heated under reflux ? 
for 19 hours. The clear solution was evaporated to dryness under reduced pressure, yielding a 
yellow solid which liberated sulphur dioxide on exposure to moisture. . This solid was suspended |] 
in dry chloroform (20 c.c), and cyc/ohexylamine (0*54 c.c.) was added, practically everything!:;] 
dissolving. During 6 hours at room temperature eyc/ohexylammonium di-^-nitrophenyl p 
phosphate (0-29 g.) separated as pale yellow needles ; these were filtered off and the filtrate was * 
washed first with hydrochloric acid, then with aqueous sodium hydrogen carbonate, dried, and 
evaporated. The residue (0*37 g.), recrystallised from benzene, gave di-£-nitrophenyl cyclo- 
hexylaminophosphonate, m. p. and mixed m. p. 174 — 176°. A portion of the yellow solid pro- f4 
duct from another experiment was treated with cyc/ohexylammonium diphenyl phosphate in the jj 
hope of effecting an exchange. No reaction appeared to take place, since treatment of the J| 
reaction mixture with cyc/ohexylamine yielded only di-^-nitrophenyl cyc/ohexylamino- M 
phosphonate. 1 -il 

From its general behaviour it seems possible that the yellow solid obtained in these experi- -/jj 
ments consists mainly of the mixed anhydride (N0 2 -C6H 4 -0) a P(Oj-0*SO*0-P(0)'(OC 8 H 4 -NOJ t ; l 
Exchange Reactions of Pyrophosphates. — (1) Effect of amount of added base and variation of % 
solvent. In this group of experiments the reaction studied was that between tetraphenyl m 
pyrophosphate and dibenzyl hydrogen phosphate to give tetrabenzyl pyrophosphate which is 
comparatively stable in aqueous media and can readily be isolated. In- experiment (a) the );1 
general procedure adopted for estimating the tetrabenzyl pyrophosphate obtained is indicated 
unless otherwise stated it was followed in all other examples. l M 

(a) Dibenzyl hydrogen phosphate (0-724 g., 2 mols.) was dissolved in dry acetonitrile (4 c.c), 
and triethylamine (0-35 c.c, 2 mols.) added. The solution was now added to tetraphenyl |j 
pyrophosphate (0-618 g., 1 mol.) in acetonitrile (1 c.c), and the whole shaken thoroughly. After J| 

1 hour at room temperature the solvent was removed under reduced pressure. Dilute aqueous Jj 
ammonia was then added to the oily residue until pH 8 was reached. When scratched with a || 
glass rod the oil solidified and after 30 minutes it was collected (0-545 g., 79% ; m. p. 58 — 60°). M 
After one recrystallisation from ether-cyc/ohexane the product had m. p. 59 — 61°, undepressed *M 
on admixture with authentic tetrabenzyl pyrophosphate. For further confirmation a portion .Jj 
of the product was dissolved in dimethylformamide, and excess of aqueous ammonia (d 0-880) j| 
was added. On dilution with water colourless needles of dibenzyl aminophosphonate (m. p. 'J| 
and mixed m. p. 102°) separated. ~3 

(b) Tetraphenyl pyrophosphate (0-48 g., 1 mol.), dibenzyl hydrogen phosphate (0-557 g./S 

2 mols.), and triethylamine (0*42 ex., 3 mols.) reacted under the same conditions to give tetra- Jj 
benzyl pyrophosphate (0-372 g„ 70%). ^ 

(c) Reaction as in (b), but using 4 mols. of triethylamine, gave 54% of tetrabenzyl ^ 
pyrophosphate. H| 

(d) As above but using only 0- 1 mol. of triethylamine. No tetrabenzyl pyrophosphate could ^ 
be isolated. The reaction product became acid (pH ca. 2) on addition of water and only a trace 

of oil (ca. 5 mg.) was obtained insoluble at pH 8 ; this may have been dibenzyl diphenyl pyro-;;$| 
phosphate [see (/) below]. . . 
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. (e) As above, but in absence of any base. No reaction occurred since all the products 
dissolved in water giving a strongly acid solution. . . ... ,- j. ■,: ■,< i. t -r 

(/) As above using 1 mol. of triethylamine. In this case no tetrabenzyl pyrophosphate was 
isolated but instead, an oil was obtained which did not solidify in contact with aqueous Tammonia 
at pH 8 in 6 hours. This oil was mainly dibenzyl diphenyl pyrophosphate as was shown by the 
following method. After the reactants had been mixed and set aside for 45 minutes the solvent 
was evaporated and benzene was added to the oily residue, followed by cyctohexylamine (2 mols ) 
•After 2 hours the crystaUine precipitate of cyc/ohexylammonium diphenyl phosphate (80%- 
m . p. and mixed m. p. 198-199°) was filtered off and the filtrate was washed with dilute £$fe- 
chlonc acid and water dried, and evaporated. The solid residue recrystallised from hexahe' 
gave dibenzyl cye/ohexylaminophosphonate, m. p. and'mixed m. p. 78—80° The vield was 72V 
calculated on the assumption that the reaction product was dibenzyl diphenyl pyroohosohate 5 " 
in another experiment using cycfohexylamine (1 mol.) in place of triethylamine 71 moH sufd 
dimethylformamide in place of acetonitrile, the yield rose to 81% ' ' '< rr4tf.Ar*'P*&> 

(g) As above using 2 mols. of triethylamine but with benzene as solvent -'TheSfeia ; oi 
tetrabenzyl pyrophosphate was 64%. zm^'r-^i^'r'iti!^?^- 

(*) Dry lithium dibenzyl phosphate (0-690 g., 2 mols.) was dissolved in aimethylfornia^c& 
(8 ex.), and tetraphenyl pyrophosphate (0-587 g., 1 mol.) in dimethylformamide (2 c c V wks' 
added to the. shghtly turbid solution. The turbidity disappeared h/lO XS£ and A™ ■ 
further 50 minutes at room temperature the mixture was worked up in the usual wav tfvine 
tetrabenzyl pyrophosphate (0-461 g., 71%). >.:x™^h%?£%^ 

(2) Effect of acid strength The general method employed is set out m'experiinerit # audi 
except where otherwise stated proportions of reactants and conditions were similar throughout f 
the products being identified by reaction with ammonia to give aminophosphonatbs'- ^ 

(a) Tetraphenyl pyrophosphate (0-64 g.. 1 mol.) was added to dibenzyl ftriethylammoniuni 
phosphate [0-649 g. (2 mols ) of dibenzyl hydrogen phosphate + 0-2 c.c. (2 mols.) of triethyt 
amine] m anhydrous dimethylformamide (2 c.c.) at room temperature. After 5^10 minutes 
aqueous ammonia (10 c.c ; d 0-880) was added, and the mixture shaken 'vigorously, set aside 

flTS^^iESfJ!?^?!*!, 10 ^ C '\ T *"P«*'««d ^nzyrLinophosphoha^ - 
(0-175 g., 50% calculated on tetrabenzyl pyrophosphate) was recrystallised from carbci tetra! 
chloride and had m. p. and mixed m. p. 102— 103° - il^T-^"^"^ 

(b) Tetraphenyl pyrophosphate (1 mol.) and di-o-methoxyphenyl triettylam^omW 
phosphate (2 mols.) treated in the same way, gave di-o-metho^phelyl amh&ho*2SS£, V 

hT^T^c^ 1 ^ m COlOU ^ leSS needl6S (90%) ' m - (Found:, G.^ t - 

H, 5-4 N, 4-6. C u H 16 O t NP requires C, 54-4; H.6-2; N, 4-5%). - = ....«>•« < \4>&M*%" 

(c) Tetraphenyl pyrophosphate reacted in the same way with (ii^'mWxjfeheriyi'tril ' 
ethylammomum phosphate, and the mixture treated with ammonia as brfore/-ga^S5,S^ 
oxyphenyl aminophosphonate (68%), needles, m. p. 179-181° (from chloroform^ (FounoW' 

™ ' , ' 7 - C " H "°s NP squires C, 54-4; H, 5-2 ; N, 4-5%)i M ^\i r k v> mr>ui^ 



Tetraphenyl pyrophosphate did not appear to react with <U^-m•tIt>phenyl'triethyi^ ^ 
vi^T? ^ 0 ' pha ^ e these conditions, since subsequent treatment with - ammohia"' 

yielded only diphenyl aminophosphonate (48% ; m. p. and mixed m. p. 147— 148"J'%HJi(ffvteC*; 
m J+JT e J Ci t Stren S ihs A ?f Some DiesUrs of Phosphoric Acid in Various' Sohen^SS^$^ ? 
ments of pK s for several diesters used in this work were made in aqueous and aqueou&thaS 

W It ri V itra ^° n (cf " Kumler and Eiler ' /' Amer - C**m:Soc:. iE&'SSpfc 

ni J£** majonty flange "actions were carried out in dimethyUorrnamide or acetoi 
aSt ^T*^ °f ^o*' the conductivity of solutions of the various diesters of phosptoric i 

acid in these solvents at 25° was determined. ' -^f«««^ sSg^S- 

for JhSST^ T* PUrified by *** StOTinSit o^ solid pb^ra^droxide : 
2i„ iSZ ' t^ 11 ^ lt azeotr °P 1 <=aUy with benzene, and finaJly fractioniting'it under 
reduced pressure. It had b. p. 50-52°/15-16 mm., *» 1-4302. 'Wa^iOS* 

litH^, ^ ■ WaS - 2***? for 24 h ° urs over hydrous potassium carbonate; tten^fluxe-d with aT^ 

SfSLS^fS?/^' t6d ' ^ fr ° m a fresh sma11 ^ uantit y o« the sa'medesiccantf ? 

xl aaa D. p. /760 mm. .. . -;j- tv q>: jfjjjfcjjfp "j'J 

heatif t W^ drOSe ? ( Ph ^5 ate Which normall y crystallised as the 'hydrate ^dri^by^ 
tW*S e molten acd for 12hoursat 80°/0-l mm. over phosphoric acid and then recrjrstallising . 
the anhydrous product from dry chloroform-light petroleum ; it then had ml pi and'wa! " 

Kept in a dry atmosphere. J &u&&i^fcf^'»s>i' 
Return between Lithium Diphenyl Phosphate and Toluene^-stOphonylChl^d^^^l 
mate measure of the rate of reaction between equivalent quantities of these' comp^^-in^ 
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dinHnylformamide was obtained by following the^BTange in resistance of the mixture with 
time, using the circuit described by Woolf (Chem. and Ind., 1950, 544). The resistance of the 
various reaction components was first determined in dimethylformamide with the following y 
results (all concentrations 0-04 molar; temp, of cell, 20°), ^ 

Resistance Resistance 
(ohms) (ohms) 

Pure dimethylformamide (solvent) ... 76 500 Lithium toluene-£-sulphonate 90 

Lithium dibenzyl phosphate 922 Lithium chloride 72 

Toluene-£-sulphonyl chloride 196 

After mixing of the reactants the resistance decreased rapidly and acquired a constant value 
(81-5 ohms) after 20 minutes. A similar rate was observed for the reaction between lithium 
di-^-nitrophenyl phosphate and diphenyl chlorophosphonate, but it required about 100 minutes 
to reach a constant resistance in the reaction between lithium diphenyl phosphate and 2:4:6- ^ 
tribromobenzoyl chloride. 

A solution of lithium diphenyl phosphate (2*56 g., 1 mol.) in anhydrous dimethylformamide 
(40 ex.) was added to toluene-^-sulphonyl chloride (1-9 g., 1 mol.) in the same solvent (10 ex.). \: 
After 2 hours at room temperature, gaseous ammonia was passed through the solution till | 
saturated, and the mixture left for 3 hours, then evaporated under reduced pressure. The i' 
residue was extracted with chloroform (2 x 25 c.c.) and the combined chloroform extracts were 
filtered and extracted, first with saturated aqueous sodium hydrogen carbonate (extract A), 



then with 4% aqueous sodium hydroxide (extract B). The chloroform layer, dried and 
evaporated, gave a residue (1*41 g.) which, when recrystallised from chloroform, had m. p. 
150 — 151° alone or mixed with authentic diphenyl aminophosphonate (yield, 46% calculated 

on the basis of mixed anhydride formation, or 92% calculated on tetraphenyl pyrophosphate <,i 

formation). % 

Extract A was acidified and extracted with chloroform. The chloroform layer, dried and > : : 

evaporated, gave diphenyl hydrogen phosphate (1-32 g. ( 46%). Extract B was acidified and | 

evaporated to dryness, and the residue extracted with absolute ethanol (75 c.c). When ^ 

evaporated, the ethanolic extract gave toluene-/>-sulphonamide (0-191 g., 20%), m. p. 133 — 134° |" 

undepressed by an authentic specimen. t 



Tetrabenzyl Pyrophosphate from Toluene-p- sulphonyl Chloride and Salts of Dibenzyl Hydrogen 
Phosphate. — To a solution of dibenzyl hydrogen phosphate (0-56 g., 1 mol.) in dry benzene ~J 
(20 ex.), toluene -^-sulphonyl chloride (0-382 g., 1 mol.) was added, followed by dry pyridine 5; 
(0-16 ex., 1 mol.). The mixture was stirred at room temperature for 1£ hours, whereupon it if 
became turbid. After a further 3 J hours it was filtered and the solvent removed by " freeze j2 
drying," giving a semi-solid residue (0*952 g.). This residue was dissolved in acetonitrile (5 ex.) , 
and the solution filtered and evaporated. The oily residue was then treated with dilute aqueous |^ 
ammonia to pH 8 in the usual manner, and yielded tetrabenzyl pyrophosphate (28%), m. p. 'f*} 
and mixed m. p. 59 — 61°. 

In a second experiment using triethylamine in place of pyridine, and with acetonitrile as £f 
solvent instead of benzene, the yield of isolated tetrabenzyl pyrophosphate was 47%. 

Preparation of Pyrophosphates using -p-Nitrobenzenesulphonyl Chloride. — (1) Tetrabenzyl 
pyrophosphate, Dibenzyl hydrogen phosphate (0-291 g., 1 mol.), £-nitrobenzenesulphonyl 
chloride (0-221 g., 1 mol.), and pyridine (0-08 ex., 1 mol.) were brought into reaction in benzene .^J 
as in the previous experiment. After filtration the benzene solution was divided into two 
portions A and B. To portion A excess of cyc/ohexylamine (0-12 c.c.) was added, and, after 
4 hours at room temperature, the solution was filtered, washed with dilute hydrochloric acid, 
dried, and evaporated. The residue was dissolved in warm chloroform, and light petroleum 
added till crystallisation set in. The product (0-04 g.) had m. p. 133 — 135° undepressed on 
admixture with authentic N-cyclohexyl-p-nitrobenzenesulphonamide, m. p. 135 — 137° (Found : 
C, 50-8; H, 5-9; N, 10*0. C 12 H 16 O f N 2 S requires C, 50-8; H, 5-64; N, 9-9%). The mother- 
liquors from the crystallisation of this product were evaporated. Recrystallised from hexane, 
the residue yielded dibenzyl cyc/ohexylaminophosphonate (0*066 g., 70% calculated on the 
formation of tetrabenzyl pyrophosphate), m. p. and mixed m. p. 79 — 81°. 

Portion B was " freeze dried " and the residue treated with dilute aqueous ammonia to pH 8, 
yielding tetrabenzyl pyrophosphate (0-095 g., 70%), isolated in the usual way. . J 

In a second experiment, dibenzyl hydrogen phosphate (0*575 g., 2 mols.) and triethylamine ^ 
(0-28 ex., 2 mols.) were dissolved in acetonitrile (5 ex.). The mixture was set aside at room 
temperature for 1 hour, then evaporated and worked up with dilute ammonia in the usual way, 
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giying tetrabenzyl pyrophosphate (0-431 g. , 80%)7 m. p. 58—60°. The use of dimethylformamide 
as solvent in this reaction gave only a 47% yield of tetrabenzyl pyrophosphate. 

(2) Tetra-p-nitrophenyl pyrophosphate. Di-£-nitrophenyl triethylammonium phosphate 
(2 mols.), treated with ^-nitrobenzenesulphonyl chloride (1 mol.) in 1 : 1 acetonitrile-dimethyl- 
formamide in the same manner, gave an oil shown to be essentially the pyrophosphate by 
treatment with cyc/ohexylamine (4 mols.) at room temperature ; the products were di-£-nitro- 
phenyl cyc/ohexylaminophosphonate (46% ; m. p. and mixed m. p. 174—176°) and cyc/ohexyl- 
ammonium di-^-nitrophenyl phosphate (46%). 

(3) Tetra-o-methoxy phenyl pyrophosphate. The experiment described under (2) above was 
repeated, substituting di-o-methoxyphenyl triethylammonium phosphate for di-£-nitrophenyl 
triethylammonium phosphate. The oily product was identified as the pyrophosphate by treat- 
ment with cyc/ohexylamine, giving di-o-methoxy phenyl cyclohexylaminophosphonate (80%, 
calculated on the assumption that the product was pyrophosphate), colourless needles (from 
hexane), m. p. 92-94° (Found : C, 60-9; H, 6-5; N, 3-6. C 20 H 28 O 5 NP requires C/ 61-4; H, 
6-65; N, 3-6%). 

Preparation of Pyrophosphates by Use of Trifluoroacetic Anhydride. — (1) Tetrabenzyl pyrophos- 
phate. Dibenzyl hydrogen phosphate (0-286 g., 2 mols.) was dissolved in acetonitrile (5 c.c.) and 
triethylamine (0-14 c.c, 2 mols.) added, followed by trifluoroacetic anhydride (0-07 c.c, 1 mol. ; 
Stacey et al., J,, 1949, 2976). The mixture was set aside for 1 hour at room temperature and 
worked up in the usual way at pH 8, giving tetrabenzyl pyrophosphate, m. p. 60 — 61° (0*2 g 
75%). 

(2) Tetraphenyl pyrophosphate. The above experiment was repeated using diphenyl 
hydrogen phosphate in place of dibenzyl hydrogen phosphate. Owing to the instability and 
difficulty of isolating the tetraphenyl pyrophosphate, the product was assayed by treatment with 
cyc/ohexylamine : it gave diphenyl cyc/ohexylaminophosphonate (64%) and cyclohexyl- 
ammonium diphenyl phosphate (63%). 

(3) Attempted preparation of tetra-jy-nitrophenyl pyrophosphate. Di-/>-nitrophenyl phosphate 
(0-49 g., 2 mols.) was dissolved in a mixture of dimethylformamide (3 ex.) and acetonitrile (7 ex.), 
and triethylamine (0-2 ex., 2 mols.) added, followed by trifluoroacetic anhydride (0-11 cx, 
1 mol.). After 50 minutes the solvent was removed under reduced pressure, the residue taken 
up in dry chloroform (15 ex.), and cyc/ohexylamine (0-35 ex., 4 mols.) added. The only pro- 
duct isolated, was cyc/ohexylammonium di-^-nitrophenyl phosphate, m. p. and mixed m. p 
188— 190°; the recovery was 83%. 

Grateful acknowledgment is made to the Department of Scientific and Industrial Research 
for a Maintenance Allowance (to N. S. C). 
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224. The Synthesis of Laminaribiose (3-$-v-Glucosyl v-Glucose) and 

Proof of its Identity with Laminaribiose isolated from Laminarin. 

By P. Bachli and (the late) E. G. V. Percival. 

Laminaribiose has been synthesised by the interaction of 1:2-5:6- 
diuopropylidene glucose and tetra-acetyl glucosyl bromide, proof of its 
formulation as 3-p-D-glucosyl D-glucose being thus obtained. The synthetic 
material is identical with laminaribiose prepared from laminarin. Various 
derivatives of the sugar are described including the a- and the (3-octa-acetate, 
hepta-acetyl laminaribiosyl bromide, hepta-acetyl methyl-(S-laminaribioside, 
and methyl- p-laminaribioside. 

Laminaribiose was first studied by Barry (Set. Proc. Roy. Dublin Soc, 1941, 22, 423), who 
isolated it as the osazone from the mixture of sugars produced by the action of the juice 
of Helix Pomatia on the polysaccharide laminarin. The free sugar, m. p. 161— 162°, was 
obtained by the partial hydrolysis of laminarin with mineral acid. After removal of the 
glucose by fermentation and of the oligosaccharides by precipitation with alcohol, the 
disaccharide was obtained as an amorphous powder which crystallised when its aqueous 
solution was slowly evaporated. Earlier work by the same author (ibid., 1939, 22, 59) 
had shown that laminarin was composed of glucose residues mutually linked through the 



